Objectives: Maxillary constriction is routinely addressed with rapid maxillary expansion (RME). However, the heavy forces delivered by most RME appliances to expand the palate may lead to deleterious effects on the teeth and supporting tissues. The objective of this study was to explore a more physiologic maxillary expansion with light continuous force. Materials and Methods: Twenty 6-week-old Sprague-Dawley rats were equally divided into experimental (EXPT) and control (CTRL) groups. A custom-fabricated archwire expansion appliance made from 0.014-inch copper-nickel-titanium wire was activated 5 mm and bonded to the maxillary molar segments of animals in the EXPT group for 21 days. The force applied to each maxillary segment was 5 cN. Microfocus x-ray computed tomography and histological analyses were used to compare the tooth movement and bone morphology in the midpalatal suture and buccal aspect of the alveolar process between the EXPT and CTRL groups. Descriptive statistics (mean 6 standard error of the mean) and nonparametric statistical tests were used to compare the outcomes across groups. Results: Compared to the CTRL group, there was a statistically significant increase in buccal tooth movement and expansion of the midpalatal suture in the EXPT group. There was no difference in the bone morphologic parameters between groups. The mineral apposition rate was increased on the buccal surface of the alveolar process in the EXPT group. Conclusions: Application of light, continuous force resulted in maxillary osseous expansion due to bilateral sutural apposition and buccal drift of the alveolar processes. This animal experiment provides a more physiologic basis for maxillary expansion. (Angle Orthod. 2018;88:306-313.) 
INTRODUCTION
The clinical signs of a transverse arch deficiency include posterior crossbite and/or dental crowding. 1 Orthodontic correction of maxillary constriction can be challenging as facial growth in the transverse dimension decreases during late childhood. 2 Expansion of the maxilla is usually achieved with rapid palatal expansion (RPE), 3 but semirapid 4 and slow (such as the Minne expander) 5 expansion protocols have also been reported. Unfortunately, concerns about moving the roots of teeth through the buccal plate of bone and periodontal deterioration are common to all of the methods. Additionally, the force exerted by RPE appliances may often be as high as 15-50 N, producing deleterious side effects on the temporomandibular joint as well as the midpalatal suture and contributing to root resorption. 6, 7 An alternative to the heavy force delivered by RPE appliances is the application of light, continuous buccal force to achieve maxillary expansion. Clinical possible, 8, 9 but the underlying biological mechanisms are unknown. Periodontally healthy teeth can be moved extensively within the alveolar process; however, molar tooth movement in the buccal direction is thought 10 to be limited by the thickness of the buccal plate of bone. Weinstein et al. 11 and Proffit 12 studied soft tissue pressure relative to the equilibrium theory of tooth position and concluded that cheek pressure as low as 1-2 g (1-2 cN) can cause tooth movement. Similar to conventional maxillary expansion with heavy force, a sutural response has been reported 13 with light expansion force, but the adaptation of the buccal alveolar bone to such light, continuous force is unclear. In contrast to the severe buccal tipping and extrusion of molars exposed to RPE, 14, 15 an ideal outcome with light force would be remodeling of the buccal bone.
In light of previous observations and reports, the aim of this study was to assess the effects of light-force buccal expansion on the bone surfaces of the midpalatal suture, molar periodontal ligament (PDL) and buccal subperiosteal alveolar bone surface in an animal model. The hypothesis was that slow expansion of the maxillary arch with a light-force archwire results in physiologic expansion of the maxilla and remodeling of the buccal alveolar bone.
MATERIALS AND METHODS

Experimental Design and Appliance Placement
Twenty 6-week-old male Sprague-Dawley rats were randomly divided into two groups: experimental (EXPT) undergoing archwire expansion for 3 weeks and control (CTRL) not subjected to expansive force.
All experimental procedures were approved by the Institutional Animal Care and Use Committee.
An impression of the rodent maxilla was made with a polyvinyl siloxane (PVS) impression material and poured into orthodontic stone. The archwire expansion appliance was then fabricated on the stone model using a 0.014-inch copper-nickel-titanium (CuNiTi) archwire (Ormco Corp, Orange, Calif). A Memory-Makert pulsed electric device (Forestadent Bernhard Förster GmbH, Pforzheim, Germany) was used to bend a pre-measured length of the NiTi wire to conform to the maxillary arch of the rat. The activated (expanded) archwire was adjusted to deliver 5 cN of force bilaterally within a range of 5 mm when bonded to the occlusal surfaces of the maxillary molars in the EXPT group ( Figure 1A,B ). Composite resin bite blocks were bonded to the terminal ends of the wire to maintain even bilateral posterior contacts.
All animals were maintained on a standard rodent diet. Fluorescent bone labels, calcein, alizarin, and tetracycline (Sigma-Aldrich, St Louis, Mo) were injected intraperitoneally 7, 4, and 2 days prior to euthanasia.
Microfocus X-Ray Computed Tomography Scan and Analysis
All animals were euthanatized after 3 weeks using CO 2 inhalation. The maxillae were dissected, fixed in 10% neutral buffered formalin, and then stored in 70% ethanol. Fixed maxillae were scanned using the Skyscant 1172 microfocus x-ray computed tomography (micro-CT) scanner (Bruker microCT, Kontich, Angle Orthodontist, Vol 88, No 3, 2018 Belgium) at a resolution of 6.57 lm/pixel. The NRecon software (v1.6.9.1) was used to reconstruct threedimensional scans from raw images, and these were then imported to the Ctan software (v1.13.5.1) for analyses.
Micro-CT scans were used to quantify changes in the transverse dimension, midpalatal suture, and buccal alveolar bone. Transverse distances between the first, second, and third maxillary molars were measured at the root apex, midroot, cementoenamel junction (CEJ), and occlusal surface of each tooth ( Figure 2E ). The midpalatal suture was outlined in coronal sections, and the sutural area was measured. Regions of interest (ROIs) that were defined and used to quantify micro-CT parameters in the buccal alveolar bone bilaterally included 60 serial sagittal sections on each side.
Histological Imaging and Staining
Following micro-CT scanning, all tissue samples were processed and embedded in methyl methacrylate (Sigma-Aldrich). A rotary microtome (Leica Biosystems, Buffalo Grove, Ill) was used to obtain 4-lm-thick sections in the coronal plane. Images were taken at 10-and 403 magnification using a Nikon Eclipse Ni-U Microscopet with a color camera (Nikon Instruments, Melville, NY).
Tartrate-resistant acid phosphatase (TRAP) staining was performed to visualize osteoclasts, and von Kossa stain with MacNeal's tetrachrome counterstain was used to visualize new bone formation. The ROI included the alveolar bone adjacent to the buccal roots of the left and right maxillary molars. The separation between the fluorescent bone labels was measured, and bone parameters were quantified using the Bioquant Osteo software (Bioquant Image Analysis Corporation, Nashville, Tenn). Six animals from each group and a minimum of four histological sections/ animal were used for quantification.
Statistical Analysis
The SPSS Statistics 24 software (IBM Corporation, Armonk, NY) was used to analyze the data. Descriptive statistics and the Kruskal-Wallis and Mann-Whitney U nonparametric statistical tests were used to compare the outcomes across groups. All statistical tests were two-sided (two tail), and the significance level was set at P , .05.
RESULTS
Compared to the CTRL group, micro-CT scans through the first molar areas of EXPT animals showed areas of PDL compression and sutural tension consistent with dental and orthopedic expansion of the maxilla. Bone surface analysis at the PDL interface was consistent with buccal tooth movement of the molars (Figure 2) . At the first molar, the posttreatment intermolar width was significantly increased (P , .01) in the EXPT group compared to the CTRL group at the root apex, midroot, CEJ, and occlusal surface ( Table  1) . A similar trend was seen at the second molar, with the EXPT group displaying significantly greater (P , .05) measurements than the CTRL group (Table 1 ). In coronal sections from micro-CT scans, the midpalatal suture area was significantly increased in the EXPT group compared to the CTRL group at both the first and second molars (P , .05) ( Figure 3B Composite fluorescent histological images of the maxilla showed a distinct separation between fluorescent bone labels in the EXPT group compared to the CTRL group ( Figure 5A,B) . The separation between the fluorescent labels was quantified at the left and right buccal bone ( Figure 6A ,C,D,F) and in the suture (Figure 6B,E) . At the 5-day interval, both interlabel width and the mineral apposition rate were significantly higher in the EXPT group compared to the CTRL group in the buccal (Figure 6G ,H) and suture ( Figure 6I ,J) regions (P , .05). A trend for increase in both variables was also noted at the 3-day interval in the EXPT group ( Figure 5K,L) .
Comparison of von Kossa staining for mineralized tissues showed separation of the midpalatal suture and regions of bone remodeling adjacent to the suture in the EXPT group but not in the CTRL group ( Figure  7A ,C). TRAP staining demonstrated increased osteoclastic activity in areas of remodeling beneath the cortical plate of the suture (Figure 7B,D) . Histological analysis of the left and right buccal regions also showed increased osteoclastic activity along the resorbing surfaces in the EXPT group (Figure 7E,G) .
DISCUSSION
Orthodontists have traditionally addressed transverse dimension discrepancies between the maxillary and mandibular arches by rapid maxillary expansion. Advocates of early orthopedic treatment list various health benefits in growing children, including decreased need for subsequent treatment later in life. 16 However, increasing evidence suggests that loss of buccal alveolar bone seen in patients undergoing the procedure is not an ideal dentoalveolar outcome. 15, 17 Slow maxillary expansion with light forces delivered either by archwires or appliances 18, 19 is an alternative and, based on the results of this animal study, results in maintenance of buccal alveolar bone.
Transverse tooth movement in the EXPT and CTRL groups in this study was compared by measuring intermolar widths at four regions (root apex, midroot, CEJ, and occlusal surface) along the long axis of the molars. The results showed a significant increase in intermolar width at each region, suggesting that varying magnitudes of maxillary expansion occurred from the occlusal surface to the root apex of the molars. This effect was observed at both the first and second molars, even though the archwire was bonded to the occlusal surfaces of the maxillary first molars. Danz et al. 20 utilized beta-titanium springs with two levels of force to expand maxillary molars and reported root translation in the animal groups. Although the results are not directly comparable to those of the current study because of differences in the appliance, force levels, and analysis methods, the trends are similar.
The midpalatal suture area was significantly increased in the EXPT group undergoing archwire expansion, suggesting that the light, continuous force was sufficient to separate the maxillary processes. Histological examination of the suture showed collagen fibers under tension, similar to the results reported in mice. 21 This trend was observed at both first and second maxillary molars, suggesting that the effect of archwire expansion was not restricted to the point of attachment (first molar). The maxillary molars were expanded as segments, but as expected, the effect was greatest on the first molars because they were nearest to the active segment of wire.
Quantification of the bone parameters in the buccal bone region showed no differences between the EXPT and CTRL groups in this study. This suggests that tooth movement in the transverse direction did not lead to bone loss and is not expected to produce bone dehiscence. These findings differ from the results of Kraus et al., 22 who reported changes in buccal bone thickness following expansion with light to moderate forces in dogs. A direct comparison between the studies is not possible as a result of differences in the animal model, force levels, and measurement methods. The measurements in the current study included the bone surrounding the buccal roots of the rat maxillary first molar and are a reliable indicator of changes in buccal bone parameters following light, continuous expansive force.
Incorporation of fluorescent bone labels during bone modeling and remodeling provides a reliable estimate of bone apposition in expanding sutures. 23 In this study, increased intensity of fluorescent labeling in the EXPT LIGHT, CONTINUOUS-FORCE MAXILLARY EXPANSION group and greater separation between fluorescent labels injected 5 days apart indicated enhanced bone deposition consistent with bone modeling and remodeling in the midpalatal suture as well as the buccal bone. The mineral apposition rate that evaluates changes in cortical bone was also increased, indicating significant overall modeling and remodeling changes. Additionally, increased osteoclastic bone resorption was seen near the midpalatal suture and at the PDL interface. These resorptive effects were consistent with catabolic modeling of the PDL interface in the direction of tooth movement and remodeling of the new bone formed by anabolic modeling at the suture interface. 24 Collectively these findings indicate that light, continuous force produces bone modeling and remodeling patterns associated with new bone formation along the labial plate of bone. 25 The current research supports the interactive bone modeling and remodeling response to applied loads first advocated by Frost. 24 Overall, the results from this animal study indicate that maxillary expansion with light, continuous force is a viable alternative to RME with heavy, interrupted forces because the molars maintained healthy periodontal support as the alveolar process was expanded. Clinical studies are indicated to test this approach for palatal expansion to determine its stability and longterm periodontal effects.
CONCLUSIONS
Archwire expansion with a light, continuous force in an animal model resulted in sutural expansion and buccal tooth movement of the maxillary molars. Light, continuous force resulted in patterns of osteoclastic bone resorption and osteoblastic bone deposition consistent with the bone modeling and remodeling reactions expected for physiologic maxillary expansion.
